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The virial equation of state was determined for helium, xenon, and helium 
xenon mixtures for the pressure and temperature ranges 0.5 to 5 MPa and 210 
to 400 K. Two independent experinaental techniques were employed: Burnett 
PpT measurements and speed-of-sound measurements. The temperature- 
dependent second and third density virial coefficients for pure xenon and the 
second and third interaction density viria[ coefficients for helium xenon 
mixtures were determined. The present density virial equations of state for 
xenon and helium-xenon naixtures reproduce the speed-of-sound data within 
0.01% and the PpT data within 0.02% of the pressures. All the results for 
helium are consistent, within experimental errors, with recent ab initio calcula- 
tions, confirming the accuracy of the experimental techniques. 

KEY WORDS: equation-of-state: helium; heliuna-xenon mixture; speed-ol L 
sound; thermoacoustic refrigerators; thermodynamic properties; virial coef- 
ficients: xenon. 

1. INTRODUCTION 

Helium-xenon mixures are the optimum working fluid in thermoacoustic 
refrigerators because they have very low Prandtl numbers. This potential 
application has led us to acquire the data needed to refine the equation of 
state for these mixtures under conditions that include those most widely 
encountered in experimental thermoacoustic refrigerators. The present 
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results were obtained with two laboratory systems for determining accurate 
gas compressibility factors and the associated virial coefficients. One is 
a Burnett apparatus for measuring the equation of state at pressures up 
to 20 MPa over a temperature range of 273 to 473 K; the other is an 
automated speed-of-sound system operating at pressures up to 1.5 MPa 
over the temperature range 210 to 400 K. Both apparatuses were employed 
in this study of helium, xenon, and three helium-xenon mixtures. 

For helium, the present Burnett density-pressure temperature data 
p(P, T) span the temperature range 273 to 373 K with pressures to 5 MPa. 
The present speed-of-sound data u(P, T) for helium span the temperature 
range of 225 to 300 K with pressures up to 1.5 MPa. Both the p(P, T) data 
and the u(P, T) data were compared with ab initio calculations of these 
properties. To make this comparison, only one apparatus parameter was 
fitted to the data, namely, the "cell constant," which is the ratio of the two 
Burnett volumes. Nearly all the p(P, T) data agreed with the ab initio 
values within _+0.01% of P (or p) and nearly all the u(P, T) data agreed 
with the an initio values within +_0.01% of u. The agreement demonstrates 
the high accuracy and precision of these experimental techniques. 

Xenon was also studied with the both the Burnett and the speed-of- 
sound systems. The p(P, T) data fall in the range 263 ~ T~<358 K and 
P < 3 M P a .  The u(P,T) data fall in the range 210~<T~<400K and 
P <  1.4 MPa or 80% of the vapor pressure, whichever is less. Both sets of 
data were simultaneously fitted by the density virial equation of state 

P = RTp[ 1 + B(T) p + C(T) p'- + D(T) p3 + ...] (1) 

truncated after the second and third density virial coefficients B(T) and 
C(T). The temperature dependencies of B(T) and C(T) were assumed to be 
those of hard-core square-well interatomic potentials. With this assumption, 
fitting Eq. (1) to the p(P, T) data is straightforward. Fitting the u(P, T) 
data was facilitated by using analytic expressions for the density virial coef- 
ficients and the exact thermodynamic relationships (summarized below) 
connecting u(P, T) to the density virial equation of state. In the range of 
the present data, the fitted values of B(T) agree with previously published 
values to within combined uncertainties and they also agree with the values 
calculated from a realistic interatomic potential function. The present 
measurements greatly reduce the uncertainty of B(T) of xenon. We also 
report values for C(T) of xenon. Previously reported values spanned the 
range 273 to 400 K. Here we successfully extended the temperature range 
down to 210K, while simultaneously reducing the uncertainty in C(T). 
The virial equation of state presented here reproduces nearly all the 
p(P, T) data to within +0.02% of P (or p) and nearly all the u(P, T) data 
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to within _+0.01% ofu.  The p(P, T) data in the range 2~<P~<3 MPa were 
not used in the fit and show systematic deviations from the best fit; thus, 
these data contain information about D(T) for xenon that we have not 
exploited. 

Finally, three helium-xenon mixtures with the nominal compositions 
of 74/26, 47/53, and 20/80 tool% helium to xenon were studied in the tem- 
perature range of 210 to 400 K and at pressures up to 5 MPa. All of the 
experimental results for the three mixtures together with the ab initio 
results for helium, and our accurate second and third density virial coef- 
ficients for xenon, were simultaneously fit to a density virial equation-of- 
state surface for helium-xenon mixtures. In this fit, B(T) and C(T) for 
helium and xenon had been determined already from the data for the pure 
gases; thus, the interaction second and third density virial coefficients, 
B~2(T), C~ ~2(T), and C~_,2(T) were the only parameters used to fit all of the 
mixture data. Their temperature dependencies were represented by polyno- 
mial functions of lIT. With these parameters, the virial equation of state 
reproduces nearly all the speed-of-sound data to within _+0.01% of u and 
nearly all the Burnett data to within +0 .02% of the pressure (or density). 
Within the experimental uncertainties, the present data agree with the 
more limited, previously published mixture data. Our values for B~2(T) 
are within 1 cm 3. mol-~ of those calculated from realistic intermolecular 
potentials determined from multiproperty fits; our values are as much as 
3 cm 3. tool ~ above those from a law-of-corresponding-states model. 

2. E X P E R I M E N T A L  T E C H N I Q U E S  

2.1. Burnett Measurements 

A detailed description of the Burnett apparatus has been given else- 
where [ 1-3 ]. Briefly, the apparatus consisted of two cylindrical vessels with 
volumes V~ ~ 27 cm 3 and V2 ~ 18 cm 3. These volumes had been bored out 
from opposite ends of a single nickel cylinder. The first volume, V~, was the 
sample volume and it was bound at one end by a highly sensitive home- 
made capacitance diaphragam transducer [4] .  The transducer was an 
integral part of V~ and it was used as a null detector when balancing the 
pressure of the sample gas in V~ with the pressure of the argon in a 
manifold that led from V~ to the pressure gauges and the pressure con- 
troller. The pressure of the argon was measured with either a quartz bour- 
don-tube gauge or a pneumatic deadweight piston gauge in conjunction 
with a calibrated barometer. The sample volume and expansion volumes, 
including piping and transducer spaces, were in a thermostated bath that 
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was stable within approximately 1 mK at each set point. The gradients 
within the bath were several millikelvins. The temperature was measured 
with a standard platinum resistance thermometer connected to a high- 
precision multimeter. 

For measuring the equation of state of xenon, the Burnett apparatus 
was used in the traditional Burnett mode. The measurements on each 
isotherm began by filling the sample volume V~ to a high initial pressure 
and then allowing temperature and pressure to equilibrate. The argon 
pressure was adjusted until the capacitance diaphragm transducer was 
balanced; then the argon pressure was measured and recorded as Po. The 
corresponding compressibility factor was Zo=PoV~(Po, T)/noRT. [The 
notation V~(Po, T) indicates that the pressure and temperature dependen- 
cies of V~ were accounted for. Here, R denotes the universal gas constant 
and no is the number of moles in the initial sample.] The gas was then 
allowed to expand into the expansion volume, V2. The temperature and 
pressure were again allowed to equilibrate and the new compressibility factor 
following the first expansion was Z~ =P~[ V~(P~, T)+ V2(P~, T)]/noRT. 
The sample volume was isolated and V2 was evacuated. The expansion was 
repeated and the equilibrium pressure was measured again. This process 
was repeated until the pressure was of the order of 200 kPa. 

Further expansions would not have been useful because of the limited 
resolution of the pressure measurement. The ratio of the ith expansion to 
the ( i - 1 ) t h  expansion yields Pi-~/Pi=N(Pi, P~ ~, T)Zi ~/Z~. Combin- 
ing this relation with P = p Z R T  leads to p~=p~ ~/N. The cell constant 
N = (V~ + V2)/VI is the ratio of the volume following the ith expansion to 
the volume preceding the expansion. From the present helium data it was 
determined to be N =  1.781327 +_ 0.000035, where the uncertainty quoted is 
one standard deviation. (In principle, the cell constant is a weak function 
of the pressure; however, this was neglected.) An isotherm results in a series 
of equations which can be solved approximately with a nonlinear regres- 
sion resulting in reduced data in the form p(P) for each isotherm. The data 
for all the isotherms were then fitted by the virial equation of state to 
obtain the temperature-dependent density virial coefficients. 

The Burnett apparatus, operated as described above, yields data of 
the highest accuracy consistent with the capability of the apparatus. 
Unfortunately, this mode of operation was very labor intensive. The 
measurements on each isotherm required frequent manual operation of 
delicate valves with a torque wrench and frequent manual pressure 
measurements with a piston gauge referenced to a calibrated barometer. In 
this mode, the standard deviation of the pressure measurements was 

Op = x/(44 x 10 6p)2 q_ ( lOPa)2 (2) 
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The alternative mode of operating the Burnett apparatus was to make 
automated pressure and temperature measurements on isochores and to 
determine the densities of the isochores by Burnett expansions on a single 
isotherm This alternative was used for pure helium and for the three 
helium-xenon mixtures. In this mode, after V~ was filled and valved off at 
the highest pressure Po on the highest isotherm To, the temperature was 
reduced in steps under computer control while the pressure was monitored 
with the quartz bourdon tube gauge. Thus, the equation of state was 
measured on a quasi-isochore without operator intervention. (If the ther- 
mal and pressure expansion of V~ could have been ignored, then the data 
would have been exactly on an isochore.) The apparatus was returned to 
To and a single Burnett expansion was made to the pressure P~. Then, the 
equation of state was measured on the second quasi-isochore starting at the 
state (PL, To) and the apparatus was returned to To. This process was 
repeated until the Burnett expansions on To brought the pressure to 
200 kPa. In this way, the entire equation of state was measured with only 
slightly more effort than that required for a single isotherm. However, the 
accuracy was reduced for several reasons. One is that the quartz bourdon 
tube gauge was neither as accurate nor as stable as the piston gauge. When 
the pressure was measured manually with the bourdon tube gauge, its 
standard deviation was 

a o = x/(50 x 10-6p)2 q_ (37Pa)2 (3) 

In automatic operation, the dead band of the pressure servosystem con- 
tributed an additional +_ 80 Pa to the uncertainties of the pressure measure- 
ment. In that case, 

crp = ~/(50 • 10-6p)2 + (88Pa)2 (4) 

In automatic operation, very slow drifts in the thermometry may have 
reduced the precision of the Burnett data on To because it took more than 
one week to complete the isotherm. (The uncertainty of the data was 
dominated by the uncertainty of the pressure measurement.) Finally, in 
automated operation, the thermal expansion of the volume Vt must be 
accounted for. The densities on the helium isochores were related to the 
volumetric thermal expansion coefficient fl(T) via 

p=(po/N') 1 -  fl(T)dT (5) 
To 

Here, 7 'o-273,15 K and Po is the initial density of the sample on the 
Burnett isotherm and is sometimes called the "run constant." We used the 
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function fl(T) = [37 + 0.038( T -  273)] x 10-6, where T is in K, to repre- 
sent the volumetric expansion; it was obtained from published [5 ] data for 
the linear thermal expansion. 

2.2. Speed-of-Sound Measurements 

Our laboratory has developed an automated apparatus [6-11]  to 
measure the speed of sound in gases with a high accuracy. This apparatus 
has been used to study more than 20 gases and gas mixtures [12-19].  
A detailed description of the apparatus and the elaborate acoustic model 
used to reduce the data has been given in previous publications [ 17, 18]. 

The heart of the apparatus was an acountic resonator. The resonator 
was a heavy-walled, 14-cm-long, cylindrical cavity that had been bored out 
of a stainless-steel cylinder. The cavity had an inner diameter of 6.5 cm and 
an outer diameter 7.8 cm. Circular stainless-steel plates ( 1.3 cm thick) were 
sealed to the end of the cavity with gold O-rings. One end plate contained 
two thin metal diaphragms mounted flush with the interior surface of the 
cavity [11].  These diaphragms isolated the sample gas while coupling 
acoustic energy into and out of the cavity. The diaphragms were stainless- 
steel disks (1 cm in diameter, 25/ml thick) that had been electron beam 
welded around their circumferences to small flanges. 

Acoustic wave guides connected the diaphragms to two remote elec- 
troacoustic transducers at ambient temperature, When sample gas was pre- 
sent in the resonator cavity, a pressure controller maintained an equal 
pressure of argon in the wave guides. Thus, the metal diaphragms were not 
stretched by a differential pressure. The wave guides were commercially 
purchased horn-shaped tubes with a length of 15 cm and a diameter that 
tapered exponentially from 0.12 to 0.33cm. A 2.5-cm-long, thin-walled, 
stainless-steel tube connected the horns to gas-tight transducer housings 
that were also maintained at the same pressure as the sample gas. A metal 
screen located at the narrow end of the horn damped spurious resonances 
within the wave guides. When the wave guides were filled with argon, they 
strongly attenuated sound at frequencies above 8 kHz. 

The source transducer was a commerically manufactured earphone 
capable of dissipating a few watts. It acted as a loud speaker emitting 
sound that was transmitted down a wave guide through one metal 
diaphragm into the resonator. The acoustic energy within the resonator 
was coupled through the second metal diaphragm up the second wave 
guide to the sound detector, which was a commercially manufactured hear- 
ing aid. 

The frequency of the source was scanned through several resonances. 
The frequency f and the width g of each resonance were measured using 



Virial Equation of State of Helium, Xenon, and Their Mixtures 585 

standard procedures [9]  and instruments, typically with an uncertainty of 
less than 1 • 10 5 of the frequency. Except for the measurements with pure 
helium, three modes were used, namely, (3 ,0 ,0) ,  (4, 0,0),  and (0,0, 1). 
(The modes are labeled with the notation of Gillis [ 17].) The speed of 
sound and its uncertaintly were computed from weighted averages of the 
results for the three modes. The fractional inconsistencies among the modes 
ranged from ( 1 to 20) x 10 s, varying roughly as P -~- 

The resonator was suspended vertically in a well-stirred thermostatted 
bath of either silicon oil or methanol. The bath was controlled within 1 m K  
of the set-point. A 25-~ capsule-type standard platinum resistance 
thermometer  (SPRT) was mounted in an aluminum block in thermal equi- 
librium with the resonator. Four-wire resistance measurements of the 
SPRT were performed by a high-precision dc multimeter. All temperatures 
are reported on ITS-90. 

A 13-kPa full-scale capacitance differential pressure transducer (DPT)  
was used to detect the balance of pressure between the argon and the 
sample gas. The D P T  was calibrated for pressure and temperature 
dependence and it was thermostated near 333 K with a stability of +_0.1 K. 
Pressure measurements were made on the argon side of the D P T  with a 
quartz boundon tube differential pressure gauge. The reference side of the 
gauge was maintained below 2 Pa with a rotary pump. This bourdon tube 
gauge and been calibrated with a deadweight gauge to a standard uncer- 
tainty of ap = 30 Pa + 0.0001 • P. 

Measurements on each isotherm were performed by first loading the 
resonator to either 1.5 MPa  or 80% of the sample's vapor  pressure, 
whichever was less. The temperature and pressure were allowed to equi- 
librate, and the frequencies and widths of the acoustic resonances were 
measured. The temperature was maintained, and the pressure dropped in 
successive steps. Again, the apparatus  was allowed to return to equilibrium 
and the frequencies and widths were measured. 

The effective radius and length of the cylindrical resonator were 
accurately determined as functions of the temperature by measuring the 
resonance frequencies when the resonator was filled with argon, a gas for 
which the speed of sound is accurately known. Because the calibration and 
the present measurements were conducted in the same bath, there is a high 
degree of compensat ion for the effects of temperature gradients in the bath 
and for errors in the measurement  of temperature. 

3. EXPERIMENTAL PROBLEMS 

Prior to this work, the speed-of-sound measurement system had been 
used to study more than 20 other gases and gas mixtures at the temperatures 
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Fig. 1. Time dependence of tile speed of sound 
in the 74/26 helium,'xenon mixture at constant  
pressure and temperature. [ �9 ) 350 K at 200 kPa; 
( � 9  350 K at 1000 kPa: ( + J 280 K at 200 kPa. 

and pressures encountered in this work. Despite this extensive experience, 
unanticipated experimental problems occurred. One set of problems 
resulted from the fact that the speed of sound in helium in much higher 
than the speed of sound in the other gases that had been studied. A second 
set of problems resulted from fiactionation of the helium-xenon mixtures 
via thermal diffusion within the tube that led from the resonator in the 
thermostated bath to the DPT  that was thermostated at 333 K (see Fig. 1 ). 
Thermal diffusion is more rapid in helium-xenon mixtures than in the 
other mixtures that we had studied and its effects are more noticeable 
because the speed or sound is so much greater in helium than in xenon. 
First, we describe the problems with the helium measurements and then the 
problems with the mixtures. 

3.1. Helium 

When the present resonator was filled with helium, the lowest radial 
acoustic mode had resonances that ranged from 16 to 22 Hz as the tem- 
perature was varied. The argon-filled wave guides have a cutoff frequency 
near 8 kHz, making these fiequencies undetectable. The wave guides could 
not be filled with helium at high pressures because the helium would have 
come in contact with the quartz bourdon tube gauge and altered its 
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calibration in an unpredictable fashion. Only the first (1, 0, 0) and second 
(2, 0, 0) longitudinal resonance frequencies could be measured. The modes 
are identified with the notation of Ref. 17. Second, near 330 K, the fre- 
quency of the (2, 0, 0) frequency coincided with a resonance in the struc- 
ture comprising the resonator near f = 7 . 6 k H z .  Thus, even the (2 ,0 ,0)  
mode was not useful for accurate measurements at the higher pressures 
where the acoustic resonances in the gas interact most strongly with the 
structural resonances. Finally, the data for the (1, 0, 0) mode at 400 and 
350 K were also found to approach a shell resonance near f =  3.8 kHz and 
were not used in the analysis; however, they are tabulated. In the worst 
case, which occurred at the highest temperature and pressure, these data 
differed from the ab initio results by 0.035 % of the speed of sound. 

The experimental signature [9, 10] of the interaction of a structural 
resonance with an acoustic resonance of the gas within the resonator is an 
anomalous increase in the width g of the acoustic resonance and an 
anomalous shift in its fi'equency f that is proportional to the pressure. Thus, 
we were able to verify the presence of the structural resonances by filling 
the resonator with argon at 1.4 MPa and measuring the frequencies of the 
first seven longitudinal resonances of the gas while the speed or sound was 
changed by sweeping the temperature. The structural resonances were 
manifest by anomalies in the temperature dependencies of the frequencies 
and of the widths of the (3, 0, 0) and (6, 0, 0) modes of the argon-filled 
resonator. These anomalies occurred at the same frequencies as the 
anomalies that were detected in the (1, 0, 0) and (2, 0, 0) modes of the 
helium-filled resonator. 

Among all 20 + gases that we have studied with this apparatus, helium 
has the highest mean free path at any specified pressure. Thus, it has the 
highest thermal conductivity ~,- and it also has the large value 2/3 for 
the specific heat ratio ( C~,-  Cv)/Cv. Because g/ f  oc ~,-~ "-( C p -  Cv)/Cv, the 
widths of acoustic resonances in helium were much broader than in the 
other gases. It follows that the signal-to-noise ratios of the acoustic 
measurements in helium were much lower than in other gases. This was a 
nuisance rather than a problem because neither the accuracy nor the preci- 
sion of the present measurements was limited by noise. 

3.2. Helium-Xenon Mixture Composition Shifts 

The apparent speed of sound in the helium-xenon mixtures exhibited 
an easily detected time dependence that is documented in Fig. 1 for the 
74/26 helium/xenon mixture. The time dependence varied inversely as the 
pressure of the sample and directly as the difference between the tem- 
perature of the resonator and the temperature of the differential pressure 
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transducer (DPT)  that separated the sample from the pressure balancing 
system. We attributed the changes in the speed of sound to fractionation of 
the sample via thermal diffusion in the tube that passed through the tem- 
perature gradient that existed between the resonator and the D P T  (see 
Fig. 1). As fractionation progressed, the average molecular weight of the 
portion of the sample within the resonator changed and the speed of sound 
in that portion, which varies inversely as the square root of the molecular 
weight, also changed. 

The inset in Fig. 1 is a sketch indicating the location of the thermal 
gradients on the relevant portions of the speed-of-sound apparatus. For  the 
data displayed in Fig. 1, the resonator was maintained in a well-stirred bath 
at either 280 or 350 K. A 3.2-mm (~-in.)-O.D. tube led from the bot tom of the 
resonator out the top of the bath to a tee in the ambient air. Similar tubes led 
from the tee to an air-operated valve at ambient temperature and to the D P T  
that was maintained at 333 K. The valve was usually closed; it was opened 
only when the pessure of the sample was changed. 

The temperature gradient sets up a gradient of chemical potential 
between the larger resonator volume and the smaller volume of the DPT. 
In helium/xenon mixtures, the helium concentration will decrease in the 
colder volume until the chemical potential gradient vanishes. This model 
explains the shifts observed in the speed of sound. When the resonator was 
above 333 K, the helium concentration in the colder D P T  decreased and 
the speed of sound of the gas remaining in the resonator increased as the 
average molecular weight of the sample in the resonator decreased. When 
the resonator was below 333 K the speed of sound decreased as the helium 
concentration in the resonator decreased. 

For  the 74/26 helium/xenon mixture at 0.2 MPa at 350 K, the increase 
in the speed of sound during 24 h was equivalent to a 20 x 10 6 increase 
in the mole fraction of helium. At 1.0 MPa and 350 K, the increase was 
equivalent to a 4 x 10-6 increase in the mole fraction of helium. These 
results are consistent with the inverse pressure dependence of diffusion. The 
derivative of the speed of sound with respect to mole fraction du/dx is 

( 2 / u ) ( 4 t / d x )  = - [ 1 - ( m H ~ / m x ~ )  ] / [  1 - x - (m H~/m• 

where m~x~/mx~ ~ 0.03 is the ratio of the molecular mass of helium to that 
of xenon. The derivative is twice as large in the 74/26 mixture as in the 
47/53 mixture and it is three times as large in the 74/26 mixture as in 
the 20/80 mixture. Thus, the effect of fractionation was most evident for the 
74/25 mixture. 

Once we understood the origin of the fractionation that occurred, we 
discarded the speed-of-sound measurements below 0.4 MPa. Typically, it 
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took 4 h  to measure the speed or sound from 1.5 to 0 .4MPa on an 
isotherm. The normal experimental uncertainties would be larger than the 
fractionation that occurred during the comparatively short residence of the 
sample at these comparatively high pressures. We verified this by filling 
the resonator with a fresh aliquot of the 74/26 mixture at 0.4 MPa and 
promptly measuring the speed of sound. Within experimental error, the 
prompt measurement agreed with the results obtained by the usual 
protocol of filling the resonator at 1.5 MPa and measuring the speed of 
sound as the pressure was reduced in successive steps. 

4. ANALYSIS AND RESULTS 

Our analysis is based on the density virial equation of state. As men- 
tioned above and detailed below, we used simple algebraic expressions to 
represent the temperature dependencies of B(T) and C(T). To fit the 
p(P, T) data and the u(P, T) data simultaneously, we required expressions 
for u(P, T) in terms of the virial coefficients. Here we list there expressions 
for the case where D(T) and the higher density virial coefficients are exactly 
zero [ 20 ]. 

, 2 ) 2 )'~ fl .P ?,,P . 6 a P  3 
u = m ~1 + ~ - - ~ + ~ - - ~ - + ~ - - +  -.. (6) 

where the acoustic virial coefficients fl,,, ),,,, and at, are related to B, C, and 
),o by 

(yO_ 1 )2 
fl. = 2B + 2()'~ l ) B, + ).~ B .  

),,, = ( L -  f l , ,B ) / (  R T )  

~,, = (M - fl,, C -  2RTy.,B)/(RT) 2 

?,~ o -  1) Q2+(2)/,+ 1) C + ( y ~  1) C , + ( ? ' ~  1)2 
2 

(7) 

- -  c t ,  ( 8 )  

y ~ 1 7 6  1) z Q2(2Bt+Bu)+(y ~  1) QP (9) 

where 

P = 2 C + 2 y ~ 1 7 6  1) C .  
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and 

Q = B +  (2) , ~  1) B,+(), ~  1) B u 

Here we have introduced the notation A,=T(dA/dT) and A , -  
T2(d2A/dT 2) and, as is customary, ),o _ Co/CI~ is the zero-pressure limit of 
the heat-capacity ratio. For  the monatomic gases ),o= 5/3. 

Note that ~, and the higher-order acoustic virial coefficients depend 
oi1 the derivatives of B(T) and C(T); thus, they must be accounted for in 
the calculation of u(P, T), even when the density expansion, Eq.(1),  is 
limited to two terms [20].  For  the present data, we verified that e~, could 
be neglected. 

A nonlinear fitting algorithm [21]  was employed to determine the 
parameters defining B(T) and C(T) by simultaneously fitting the p(P, T) 
and u(P, T) data to Eq. (1). For  both sets of data, the uncertainty in the 
temperature was negligible. The p(P, T) data were weighted inversely as 
the square of the estimated standard deviation of the pressure. Equation (2) 
for ap was used for all the xenon p(P, T) data and for the helium and 
mixture data near 373 K; Eq. (4) was used for the rest of the p(P, T) data. 
The u(P, T) data were weighted inversely as a~,, the square of the estimated 
standard deviation of the speed of sound. For states where several 
resonance frequencies could be measured, a~, was calculated from a 
weighted average of the frequencies of the various modes. For xenon, 
l x l 0  s < a u / u < 2 0 x l 0 s ;  the average value of a,,/u was 5 x 1 0  s and it 
varied very approximately as P -~. For  the mixtures, 1 x 10 s<aL,/u< 
15 x 10 5 and the average value of au/u was 6 x 10 -s. For  helium, only 
one frequency was available at each state; thus, we assumed a,,/u= 
10 • 10 5 

4.1. Results  for Hel ium 

The helium was reported to be 99.9999 % pure. The Burnett apparatus 
was used to acquire p(P, T) data on five quasi-isochores on six isotherms 
in the range 273.15 to 373.15 K. The Burnett expansions were conducted at 
373.15 K from an initial pressure of 4.6 MPa. A total of 51 p(P, T) points 
is tabulated in the Appendix (Table AVI). The resonator was used to 
acquire u(P, T) data on six isotherms between 225 and 400 K. A total of 
118 points with pressures up to 1.5 MPa  is tabulated in the Appendix 
(Table AI). 

At relatively low densities, helium is a unique fluid for thermophysical 
properties measurements. State-of-the-art ab initio calculations of the inter- 
action energy between a pair of helium atoms are sufficiently accurate that 
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one can calculate the second virial coefficient and the transport  properties 
with greater accuracy than can be achieved in measurements, We used the 
H e - H e  two-body potential of Aziz et al, [22].  To calculate the second 
virial coefficient. Details of the calculation will be published elsewhere. The 
results were represented by the polynomial 

B=11.885370+6.6508722 x 10 3T-3 .205894  x 10-5T2 

+ 3.1354694 x 10 " T  3 (10) 

for the range 210~<T~<400K, where B i s  in cm3 .mol  ~ and T i s  in K. 
The third density virial coefficient was calculated by summing over only 
additive contributions to the three-body interactions. At the high reduced 
temperatures of our measurements,  the nonadditive contributions to three- 
body interactions are small. This is consistent with the agreement between 
the calculated third density virial coefficient and previously published exper- 
imental values. The third virial coefficient was represented by the function 

C = 44.2846 + 2.379099 • 104 T -  t _ 1.6689669 x 10 6 T i ( 11 ) 

for the range 210 <~ T~<400 K, where C is in c m  6 .mol  2 and T is in K. 
We used the values of B(T) and C(T) calculated from the ab initio 

potential as a baseline for examining the experimental values of both the 
isochoric Burnett data and the speed-of-sound with other data. The devia- 
tions of the speed-of-sound data from the ab initio results are shown in 
Fig. 2. For  the isotherms from 225 to 300 K, the speed-of-sound data agree 
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Fig. 2. Fractional deviations of speed-of-sound 
data from the ab initio calculations for helium. 
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with the ab hdtio results to within _+0.01% of u. For  the isotherms at 350 
and 400 K (not shown) affected by a structural resonance, the agreement 
was within +0.035%. We emphasize that no parameters were fit to the 
data displayed in Fig. 2; the comparison with the ab initio results is on an 
absolute basis. 

The isochoric-Burnett data are compared to ab initio results in Fig. 3. 
Nearly all the data fall within the dashed lines indicating _+ 0.01% of the 
pressure�9 The good agreement between the helium data and the ab #dtio 
results confirms the accuracy of our experimental techniques. 

4.2. Results for Xenon 

According to the manufacturer, the xenon sample had a purity of 
99.9982%. It was degassed before use. In a preliminary analysis, we 
assumed that 7 ~  5/3 and we fit Eq. (6) each of the 11 isotherms, thereby 
determining the apparent molecular weight of the xenon mx~. The result 
was mx~ = (0.131267 4- 0.000014) kg. mol-~,  where the uncertainty cited is 
the standard deviation for all the isotherms. This result is marginally 
smaller than the value 0 .13129kg.mol  -~ for xenon with the relative 
isotopic abundances found in air. 
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The speed of sound was measured in the xenon sample along 11 
isotherms between 210 and 400 K, with the 400 K isotherm being repeated. 
The maximum pressure was limited to 1.5 MPa or 80% of the vapor 
pressure of xenon. The minimum pressure measured depended on the 
signal-to-noise ratio and typically was 0.05 MPa. In all, 288 speed-of-sound 
measurements were recorded as tabulated in the Appendix (Table AII). 

The p(P, T) measurements were made along four isotherms: 258.15, 
303.15, 288.15, and 273.15 K. A total of 45 points with pressure up to 
3.5 MPa  was taken and tabulated in the Appendix (Table AVII). 

The p(P, T) data and the u(P, T) data were simultaneously fit to a 
single density virial equation of state. The temperature dependencies of 
B(T) and C(T) were assumed to be those of the model hard-core square- 
well intermolecular potential. For B(T), we used 

B(T)=bo[1 - ( 2 3 -  1) z/] 
(12) 

ZI = e ' : / k t ~ T -  1 

and the best-fit parameters were bo=5.796870x 10-~ t, 2 =  
1.693962, and e/kn= 181.76386 K. For  C(T), we used 

C (  I 2 T) = ~bo(5 - cl A - c2A- - r A3) 

c I = 2 6 -  1 8 2 4 + 3 2 2 3 -  15 

c2 = 2 2 6 -  3624 + 3223 + 1822-  16 (13) 

c 3 = 62 (' --  1824 + 1822 -- 6 

Z~ = e ' : / k n T -  1 

and the best-fit parameters were b o = 7 . 5 7 3 1 2 8 x 1 0 - ~  -~, 2 =  
1.554699, and e/kB = 200.88133 K. The resulting fit had a ;d= 355 with 329 
degrees of freedom (df), yielding a X2/(df) = 1.08. The u(P, T) data had an 
RMS percentage deviation of 0.0020%, while the p(P, T) data had an 
RMS percentage deviation of 0.011%. 

Figure4 shows the deviations of the speed-of-sound data from the 
fitted equation of state. Figure 5 shows the deviations of the p(P, T) data 
from the fitted equation of state. The lines in Fig. 5 display 0.02% of 
the pressure. The deviations in Fig. 5 increase at pressure above 2 MPa 
and show a systematic temperature dependence. Most likely, these larger 
deviations result from the fourth density virial coefficient, D(T). In fitting 
the xenon data, we neglected the data above 2 MPa and did not include 
a D(T) term. 

840A8,3-2 
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Figure 6 compares  B(T) from Eq. (12) with published data  and with 
the values of  B(T)  calculated from a realistic intermolecular  potential of 
Aziz et al. [23] .  Below 270 K, the present values of  B(T) are less negative 
than previously published values and very close to the potential  that  was 
deduced from many  properties. In contras t  with previous low-temperature 
data,  the present data  permitted an analysis that  included C(T) and this 

may account  for the differences. 
F igu re7  compares  C(T) for xenon from the fit of  Eq . (13)  to the 

present data  with previously published results and with a calculation based 
on the aforement ioned potential. The calculated values for C(T) did not  
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include the nonadditive component of the three-body interactions. Pub- 
lished calculations of the nonadditive effects [24] show that they are 
positive and of the correct magnitude to place the calculated C(T) within 
a few percent of our current value. The dashed curve in Fig. 7 is based 
on the present p(P, T) data only and was obtained from a fit to those data 
that included a single, temperature-independent parameter to represent 
D(T). Thus the dashed curve shows the sensitivity of the derived quantity 
C(T) to the neglect of D(T) in our analysis that used both the p(P, T) data 
and the u(P, T) data. 

4.3. Results for Helium-Xenon Mixtures 

The three helium-xenon mixtures studied had been ordered from the 
manufacturer with the nominal compositions of 75/25, 50/50, and 
25/75 mol% of helium to xenon. When attempting to fit these data for 
interaction virial coefficients, it became apparent that the nominal com- 
positions were not accurate. This was confirmed by the speed-of-sound 
data. Therefore, we used Eq. (6) to extrapolate the speed-of-sound data to 
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zero pressure to determine the average molecular weight of each mixture. 
The resulting mole fractions of helium were xn~=0.74128, 0.47304, and 
0.20120. 

The speed of sound was measured along nine isotherms between 225 
and 400 K for each of the three helium-xenon mixtures. A total of 441 
speed-of-sound measurements with pressures ranging between 0.4 to 
1.5 MPa or 80% of the vapor pressure of xenon was considered 
(Tables AIII-AV). The Burnett p(P, T) measurements were made along six 
isotherms between 273 and 373 K for each mixture. A total of 156 points 
was taken up to a pressure of 5 MPa (Tables AVIII-AX). 

The u(P, T) and p(P, T) measurements for all three mixtures were 
simultaneously fit to a single equation of state to determine the helium- 
xenon interaction second and third density virial coefficients, BI2(T), 
CII2(T), and CI22(T). The second and third density virial coefficients for 
the mixture as used in Eq. (1) are given by 

B,,,i~( T)x~ Bi ,(T) + 2x, x2 BI2(T) + x~B22 (14) 

C,m.,(T) = x~ C,, ,(T) + 3x~x_. C, ,2(T) + 3x, .,c~_ Ci22(T) + x~ C222(T) 

Here x a and x~ denote the mole fractions of helium and xenon, respec- 
tively, and the second density virial coefficients of helium and xenon are 
denoted Bll(T) and Bz2(T). The second interaction density virial coeffi- 
cient for helium-xenon interactions is Bj2(T). For the third density virial 
coefficient there are C~(T) and C222(T) for three-body H e - H e - H e  
and Xe-Xe-Xe interactions and C~,(T) and C~22(T) for He-He-Xe  and 
He-Xe-Xe interactions. The helium density virial cofficients Bj~(T) and 
C~(T) are known from the ab initio calculations, and the xenon B22(T) 
and C222(T) were determined from the xenon data and are given by 
Eqs. (10) and (11). Hence, B~2(T), CII2(T), and CI22(T) were the only 
parameters adjusted to fit the mixture data. 

Because the mixture data are at high reduced temperatures 
(eu~ x~/k~T-~ 30), the hard-core square-well functions are not appropriate. 
For simplicity, we used polynomial functions of ( I /T)  to represent the tem- 
perature dependencies of B~2(T), C~2(T), and CI22(T); a cubic equation 
was used for B~,(T) and linear equations were used lbr CII2(T) and 
C~_,2(T). Thus eight coefficients were adjusted to fit six sets of mixture data, 
that is, the u(P, T) data and the p(P, T) data for three compositions. The 
results are 

Ai 
B(T) or C ( T ) =  ~ - -  (15) 

i=o Ti 
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where B is in m 3.mol  ~, C is in m ~' .mol-=,  and T is in K, with the 
following coefficients. 

B~, (T)  (--'l t- '(T) C'l_,2(T) 

,-10 2.756941 x 1 0  ~ - 2 . 6 9 2 6 0 5 x 1 0  - m  4 . 9 8 4 6 3 6 •  m 

,41 4.617880 x I 0 - ~ 1.340259 x 10 7 2 .256122 x 10 - 7 

A ,  --  1.741538 0.0 0.0 
.4~ 1.364453 x 102 0.0 0.0 

~ 2  The resulting fit had a ~ =411 with 370 df, yielding a X2/(df)= 1.11. The 
speed-of-sound measurements  had a RMS percentage deviation of 0.003 %, 
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while the Burnett p(P, T) data fit the model with a RMS percentage devia- 
tion of 0.013 %. Figures 8 and 9 show the deviations of the speed-of-sound 
data and the Burnett p(P, T) data from the fitted equation of state. Both 
figures shows that the virial equation of state fits the mixture data about 
as well as it fits the data for the pure components. 

The published results for B~2(T) in this temperature range that we are 
aware of are shown in Fig. 10, together with the results of caluclations from 
realistic intermolecular potential functions. The present values for B~z(T) 
are within 1 cm ~.mol ~ of those calculated from the two intermolecular 
potentials determined from elaborate multiproperty fits, namely, those of 
Aziz et al. [5]  and Keil et al. [26].  The present values of Bt,(T) are as 
much as 3 cm 3. mol-~ less negative than both a corresponding-states [7]  
model and a calculation by Hurly et al. [ 8] using an interatomic potential 
deduced from a multiproperty fit that put substantial weight on the ther- 
mal diffusion data that they acquired. 

No published results were found tbr the third interaction density virial 
coefficients. The values of C~I2(T) and C122(T ) resulting from the fit have 
the same order of magnitudes as the values calculated from the realistic 
intermolecular potential functions omitting three-body effects. The values 
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of C~2(T) were not very well determinted by the fit. When a term propor- 
tional to 1/T: was included in the fit, the magnitude of C i t 2 ( T )  nearly 
doubled. 

5. S U M M A R Y  

Nearly all the present u(P, T) and Burnett p(P, T) data for helium 
agree with the ab initio calculated values to within _+0.01%. The only 
parameter adjusted to achieve this agreement was the cell constant used in 
the Burnett data reduction�9 This is an unusual, independent demonstration 
of the accuracy of" these experimental techniques. 

The second virial coefficient presented for xenon agrees with pre- 
viously published results and has a reduced uncertainty. The present results 
for the third virial coefficient of xenon extend the temperature range tbr 
this quantity by 60 down to 210 K. The data imply that C(T) changes sign 
in this region. The equation of state for xenon using the presented B(T) 
and C(T) reproduces the speed-of-sound data to within +0 .01% and the 
Burnett p(P, T) data to within +0.02% . 



Virial Equation of State of Helium, Xenon, and ]'heir Mixtures 601 

Prior to this work the best estimate of B I 2 ( T )  for helium-xenon mixtures 
was obtained from the law of corresponding states. The present 
measurements on the three helium-xenon mixtures in conjunction with our 
accurate measurements on pure components have provided more direct 
information about this quantity as well as C I I 2 ( T )  and CI22(T) from 210 
to 400 K. The virial equation of state in three mixtures of differing com- 
position reproduces nearly all the u(P, T) data to within +0.01% and 
nearly all of the Burnett p(P, T) data to within +0.02%. 

The density virial equation of state, Eq. (1), with the values of the 
virial coefficients given by Eqs. (10)-(15), provides an accurate representa- 
tion of the both the equation of state and the speed of sound in helium- 
xenon mixtures under the conditions of these experiments; thus, this equa- 
tion of state is appropriate for the design of thermoacoustic refrigerators 
that operate under these conditions. 

APPENDIX 

]'able AI. Helium Speed-of-Sound Results 

P tt 
(kl 'a)  ( m - s - t )  

T =  400.00 K 

1507.33 1182.215 

1417.68 1181.894 

1417.63 1181.882 

1336.35 1181.597 

1336.27 1181.609 

1259.71 1181.327 

1187.58 1181.093 

1119.79 1180.889 

1119.72 1180.855 

1055.70 1180.618 

995.41 1180.409 

938.73 1180.227 

885.37 1180.055 

835.19 1179.873 

787.95 1179.732 

743.47 1179.550 

701.56 1179.435 

662.08 1179.289 

594.45 1179.051 

561.12 1178.947 
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Table AI. (Continued) 

e ii 

(kPa) ( m . s  -I) 

1516.59 

1435.80 

1358.67 

1286.00 

1285.95 

1217.30 

1091.10 

1033.10 

974.22 

974.18 

919.02 

867.17 

818.40 

734.90 

693.98 

655.56 

589.47 

557.17 

496.31 

442.84 

395.39 

353.92 

302.37 

248.66 

202.74 

1432.04 

1432.00 

1361.57 

1294.75 

1231.16 

1231.12 

1170.84 

1113.62 

1059.13 

1007.51 

T=  350.00 K 

106.812 

106.545 

106.193 

105.942 

105.904 

105.616 

105.141 

104.928 

104.732 

104.713 

104.515 

1104.296 

1104.150 

1103.819 

1103.650 

1103.463 

1103.238 

1103.127 

1102.885 

1102.683 

1102.563 

1102.368 

1[02.156 

1101.908 

1101.872 

T =  300.01K 

1025.584 

1025.614 

1025.299 

1024.983 

1024.720 

1024.725 

1024.484 

1024.226 

1023.979 

1023.717 



Virial Equation of Stale of Helium, Xenon, and Their Mixtures 603 

Table AI. (Conthnted) 

e II 

(kPa) ( m . s  - I )  

958.55 1023.496 

912.22 1023.291 

868.26 1023.084 

791.68 1022.744 

753.86 1022.589 

718.08 1022.458 

650.13 1022.167 

594.26 1021.899 

566.42 1021.817 

448.68 1021.256 

408.39 1021.065 

357.32 1020.840 

302.56 1020.657 

256.90 1020.506 

203.32 1020.178 

152.69 1020.047 

T =  275.00 K 

1509.23 982.985 

1444.24 982.712 

1381.71 982.424 

1381.69 982.395 

1321.77 982.144 

1264.50 981.908 

1210.05 981.658 

1157.98 981.371 

1108.24 981.121 

1060.57 980.871 

1015.12 980.626 

971.66 980.417 

895.25 980.070 

875.25 979.922 

820.90 979.766 

757.55 979.477 

699.36 979.209 

646.11 978.931 

597.27 978.691 

552.42 978.493 

509.14 978.235 
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Table AI. (Conthlued) 

e II 

(kPa)  (nl-s -I) 

455.02 977.986 

407.37 977.808 

355.26 977.498 

303.06 977.515 

253.52 977.087 

T =  250,00 K 

1504.83 938.097 

1445.44 937.741 

1388.03 937.486 

1388.01 937.493 

1332.80 937.238 

1279.81 936.953 

1229.02 936.701 

1180.38 936.491 

1094.08 936.015 

1051.11 935.816 

1009.78 935.594 

970.13 935.369 

865.13 934.881 

803.69 934.539 

772.55 934.418 

714.97 934.125 

665.00 933.909 

616.29 933.661 

554.36 933.313 

514.97 933.121 

451.28 932.729 

408.93 932.564 

351.68 932.288 

304.35 932.087 

252.34 931.812 

203.49 931.607 

T =  225.00 K 

1459.39 890.674 

1406.10 890.386 

1354.65 890.087 

1305.22 889.847 
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Table AI. (Continued) 

P tt 

(kPa) (m-s  -b) 

1257.76 889.570 

1212.17 889.254 

1168.12 889.081 

1050.16 888.449 

1012.21 888.241 

975.69 888.026 

910.98 887.704 

841.04 887.349 

820.76 887.167 

767.16 886.894 

717.37 886.600 

668.20 886.340 

605.10 886.007 

564.78 885.793 

512.78 885.488 

453.97 885.208 

403.73 884.921 

359.47 884.647 

305.12 884.428 

255.44 884.265 

204.63 883.900 

T=  225.00 K 

1509.86 890.929 

1455.66 890.631 

1402.72 890.338 

1351.65 890.045 

1302.64 889.751 

1255.48 889.500 

1210.07 889.273 

1166.52 889.052 

1124.44 888.820 

1049.53 888.414 

1011.85 888.228 

975.54 888.033 

911.44 887.677 

851.98 887.345 
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606 Hurly, Schmidt, Boyes, and Moldover 

Table All. Xenon Speed-of-Sound Results 

P u 
(kPa) (m.s i) 

T= 399.97 K 

1364.612 204.1431 
1301.380 204.2021 
1241.236 204.2601 
1184.038 204.3155 
1129.939 204.3651 
1048.843 204.4425 
976.032 204.5105 
909.439 204.5743 
868.833 204.6112 
810.324 204.6676 
774.019 204.7032 
722.993 204.7549 
676.685 204.8020 
633.559 204.8421 
582.680 204.8907 
537.790 204.9342 
492.404 204.9795 
442.036 205.0301 
411.214 205.0581 
383.429 205.0859 
355.895 205.1165 
326.018 205.1444 
297.737 205.1722 
269.100 205.2015 
240.908 205.2326 
212.088 205.2610 
183.074 205.2905 
161.717 205.3118 
153.052 205.3222 
145.117 205.3316 
138.123 205.3360 
131.265 205.3459 
124.873 205.3484 
118.747 205.3556 
112.931 205.3641 
107.435 205.3664 
87.161 205.3873 
56.051 205.4187 
56.033 205.4221 
56.020 205.4201 
51.526 205.4224 
41.300 205.4339 



Virial Equation of State of Helium, Xenon, and Their Mixtures 607 

Table All. (Contimwd) 

P tt 
(kPa) ( m . s  -I) 

T=  379.97 K 

1250.580 198.6398 
1190.430 198.7158 
1133.506 198.7911 
989.286 198.9767 
821.925 199.1928 
753.884 199.2808 
717.720 199.3280 
613.234 199.4644 

550.459 199.5465 
494.239 199.6205 
453.453 199.6729 
407.571 199.7339 
336.625 199.8275 

288.810 199.8924 
239.741 199.9580 

189.620 200.0280 
166.220 200.0599 
130.708 200.1092 
119.084 200.1243 
108.484 200.1406 

96.312 200.1554 
82.565 200.1756 
57.304 200.2108 

T=  359.98 K 

1449.569 192.4631 

1386.931 192.5666 
1269.588 192.7629 
1174.707 192.9241 

1124.127 193.0096 
1041.248 193.1480 
996.103 193.2255 
909.423 193.3733 
640.289 193.8307 

629.714 193.8500 
629.320 193.8497 
628.908 193.8524 

628.557 193.8509 
628.315 193.8522 
628.306 193.8513 



608 Hurly, Schmidt, Boyes, and Moldover 

Table All. (C'onthnted) 

e ii 

(kPa) (m .s -I) 

578.364 193.9378 

517.830 194.0424 

455.486 194.1501 

419.957 194.2122 

387.641 194.2680 

358.703 194.3173 

332.185 194.3645 

302.145 194.4163 

271.342 194.4691 

244.708 194.5142 

212.436 194.5719 

183.490 194.6235 

153.682 194.6745 

133.432 194.7111 

120.730 194.7332 

108.731 194.7528 

96.346 194.7766 

83.317 194.7949 

71.918 194.8175 

60.525 194.8353 

57.371 194.8430 

54.407 194.8482 

51.577 194.8540 

T =  339.98 K 

1359.32 186.439 

1359.10 186.437 

1303.14 186.561 

1222.55 186.741 

1176.11 186.844 

1103.67 187.003 

918.05 187.415 

814.83 187.543 

733.37 187.827 

743.91 188.026 

599.06 188.126 

553.43 188.227 

462.40 188.428 

402.93 188.563 

372.50 188.628 

343.40 188.693 



Virial Equation of State of Helium, Xenon, and Their Mixtures 609 

Table All. (Continued) 

P u 

(kPa) (m.s  -I)  

313.15 

283.64 

254.21 

224.31 

194.43 

164.94 

151.24 

136.95 

130.93 

125.24 

119.78 

114.69 

109.86 

105.24 

100.89 

990.36 

874.70 

762.55 

720.94 

667.99 

618.61 

559.85 

507.73 

461.62 

408.72 

318.66 

270.59 

243.43 

219.20 

191.03 

167.42 

133.30 

107.50 

95.41 

83.41 

69.72 

58.06 

45.38 

188.760 

188.826 

188.890 

188.958 

189.023 

189.088 

189.120 

189.152 

189.164 

189.176 

189.189 

189.200 

189.210 

189.220 

189.230 

T =  319.99 K 

181.004 

181.334 

181.655 

181.773 

181.923 

[82.062 

182.229 

182.376 

82.505 

82.653 

82.908 

83.043 

83.118 

83.187 

183.266 

183.332 

183.427 

183.501 

183.534 

183.569 

183.608 

183.640 

183.676 

~40 I~ 3-3 



610 Hurly, Schmidt, Boyes, and Moldover 

Table All. (Conthmed) 

P u 
(kPa) (m- s  -I)  

T =  299.99 K 

1205.75 173.589 
1078.86 174.065 
1014.03 174.309 

905.59 174.712 
808.53 175.071 
571.29 175.936 
507.72 176.164 

402.09 176.547 
357.63 176.705 
208.78 177.235 

81.22 177.683 
58.63 177.765 

58.63 177.765 
715.55 168.681 
506.49 169.658 

413.46 170.086 
309.32 170.561 
204.14 171.035 

80.03 171.588 

66.42 171.648 
53.03 171.708 

T =  260.00 K 

919.07 160.214 

824.90 160.815 
720.67 161.468 
605.14 162.176 

507.81 162.762 
313.23 163.906 

245.84 164.294 
175.69 164.695 

103.42 165.103 
92.92 165.163 
82.21 165.224 

71.84 165.281 
61.01 165.341 

51.22 165.397 
41.28 165.453 

41.12 165.454 
41.12 165.455 



Virial Equation of State of Helium, Xenon, and Their Mixtures 611 

Table All. (Continued) 

P u 
(kPa) (m-s  I) 

41.12 165.453 
41.12 165.453 
41.28 165.453 
41.12 165.453 

T =  240.01K 

1030.42 150.935 
913.86 151.992 
826.52 152.762 
826.42 152.672 
729.43 153.593 
523.93 155.277 
360.44 156.546 
226.05 157.556 
164.16 158.006 
100.86 158.466 
90.55 158.539 
76.91 158.636 
65.36 158.719 
52.95 158.806 

T =  220.01K 

454.93 147.976 
293.43 149.630 
206.21 150.485 
151.41 151.009 
136.72 151.148 
117.02 151.333 
100.11 151.492 
56.80 151.895 

T=  209.97 K 

197.82 146.777 
133.44 147.478 
94.36 147.896 
81.13 148.036 
66.59 148.190 
54.71 148.314 
41.05 148.457 
41.04 148.458 
41.04 148.458 
41.03 148.457 
40.90 148.460 



612 Hurly, Schmidt, Boyes, and Moldover 

Table Alil. He/Xe (xlt~=0.74128) 
Speed-of-Sound Results 

e u 

(kPa) ( m . s  i) 

T =  399.97 K 

1527.25 390.326 

1442.77 290.175 

1362.11 390.030 

1286.25 389.892 

1166.47 389.668 

1101.33 389.546 

995.41 389.344 

899.63 389.143 

814.37 388.994 

710.60 388.796 

639.84 388.658 

551.89 388.484 

456.35 388.303 

373.20 388.139 

292.75 387.964 

202.56 387.747 

153.37 387.624 

139.59 387.617 

119.40 387.598 

T =  374.97 K 

1532.88 378.051 

1452.31 377.914 

1375.21 377.768 

1253.30 377.536 

1186.75 377.419 

1081.61 377.204 

986.58 377.010 

900.20 376.852 

817.90 376.698 

718.29 376.503 

628.47 376.321 

540.26 376.154 



Virial Equation of State of Helium, Xenon, and Their Mixtures 

Table AIII. (Continued) 

e II 

(kPa) (m .s - I )  

T= 349.98 K 

1512.01 365.313 

1429.32 365.160 

1350.85 365.000 

1276.67 364.860 

1161.87 364.634 

1097.99 364.513 

984.32 364.286 

894.65 364.111 

801.71 363.925 

718.84 363.759 

645.13 363.608 

553.50 363.425 

457.90 363.228 

375.56 363.038 

200.71 362.621 

179.26 362.573 

170.00 362.557 

152.03 362.524 

136.28 362.495 

122.38 362.471 

110.07 362.454 

94.38 362.429 

81.25 362.411 

T=  299.98 K 

1449.12 338.347 

1381.67 338.212 

1317.19 338.078 

1255.60 337.954 

1196.70 337.837 

1102.95 337.650 

1051.78 337.552 

1044.70 337.541 

882.08 337.172 
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614 Hurly, Schmidt, Boyes, and Moldover 

Table AIlI. (Conthnled) 

e II 

IkPa)  [ m - s  -~) 

783.17 336.974 

669.44 336.745 

591.64 336.582 

493.25 336.380 

397.57 336.167 

301.15 335.953 

203.69 335.708 

181.07 335.642 

172.95 335.623 

160.11 335.590 

148.18 335.560 

137.10 335.531 

126.19 335.505 

115.71 335.481 

103.82 335.450 

93.71 335.422 

82.23 335.388 

T =  274.00 K 

1175.79 323.477 

1086.99 323.301 

1005.80 323.139 

919.95 322.964 

815.35 322.758 

381.95 321.847 

292.03 321.654 

202.66 321.400 

185.20 321.360 

163.88 321.298 

145.27 321.239 

127.52 321.187 

107.70 321.125 

T =  250.01K 

1026.57 308.211 

955.44 308.081 



Virial Equation of State of Helium, Xenon, and Their Mixtures 615 

Table AIII. (Conthlued) 

e // 

(kPa) (m-s  -I) 

854.71 307.882 

763.82 307.703 
660.31 307.523 
572.29 307.355 
478.47 307.150 
386.49 306.955 
292.46 306.752 
200.92 306.543 

180.23 306.483 
166.30 306,423 
153.27 306.380 
137.70 306.331 
124.00 306.286 

T =  225.01K 

603.94 291,603 
525.16 291.457 
452.48 291,338 

367.92 291.190 
288.21 290.999 

205.13 290.810 
182.24 290.746 
167.50 290.698 
153.74 290.644 
137.06 290.582 
126.04 290.531 
111.07 290.457 

T=  210.01K 

615.65 281.743 
541.74 281.605 
463,70 281.499 

377,07 281.348 
290,63 281.167 
202,37 280.993 
183,79 280.936 
155.61 280.864 

129.75 280.796 
104.77 280,721 
78.04 280.620 



616 Hurly, Schmidt, Boyes, and Moldover 

Table AIV. He/Xe (xH~ =0.47304) 
Speed-of-Sound Results 

e LI 

(kPa) (m.s -I) 

T =  399.97 K 

1294,74 280,697 

1174.55 280.565 

1107.87 280.491 

992.76 280.365 

924.50 280.291 

799.05 280.149 

716.50 280,058 

597.86 279.928 

498.02 279.816 

401.29 279.701 

309.04 279,592 

205.61 279.460 

153.04 279,393 

134.02 279.379 

117.47 279.378 

99.81 279.351 

82.43 279,337 

68.73 279.327 

51.14 279.313 

T =  374.97 K 

1553.79 271.981 

1471.44 271,899 

1391.19 271.817 

1267.63 271,679 

1198.68 271,628 

1080.16 271.482 

1021.62 271.421 

919.93 271.327 

799.02 271,203 

719.28 271.122 

624.72 271.028 

541.31 270,939 

467.48 270,859 

369.73 270.752 

292.55 270.666 



Virial Equation of State of Helium, Xenon, and Their Mixtures 617 

Table AIV. (Continued) 

P u 

(kPa) ( m . s  -~) 

205.53 270.565 

148.95 270.490 

133.45 270.476 

119.85 270.468 

103.56 270.450 

89.16 270.437 

73.39 270.421 

56.99 270.403 

T =  349.98 K 

1442.29 262.509 

1375.73 262.450 

1277.68 262.366 

1188.82 262.273 

1013.14 262.110 

917.16 262.026 

823.37 261.945 

724.58 261.859 

636.78 261.779 

556.77 261.707 

470.31 261.627 

377.21 261.541 

292.40 261.461 

201.34 261.369 

153.77 261.315 

138.65 261.301 

120.84 261.283 

108.86 261.274 

93.79 261.256 

79.05 261,236 

66.20 261.225 

49.76 261.206 

7 '=  324.99 K 

1434.00 252.747 

1366.29 252.699 

1260.37 252.618 

1163.43 252.536 



618 Hurly, Schmidt, Boyes, and Moldover 

Table AIV. (Continued) 

e ii 

(kPa) (m.s -I) 

1073.05 252,476 

989.91 252.414 

913.24 252.356 

809,23 252,279 

633.52 252,159 

557.75 252.107 

460.84 252.036 

377.37 251.976 

287.74 251,908 

204.09 251.834 

154.34 251.776 

t36.76 251.766 

121.43 251,751 

107.96 251,741 

92.25 251.726 

77.52 251.709 

64.92 251.697 

T =  299.99 K 

1410.16 242,506 

t301.49 242,450 

1198.14 242,402 

1104.62 242,355 

997.62 242.304 

880.21 242.243 

820.90 242.215 

718.74 242,166 

629.39 242,125 

569.11 242,097 

497.47 242.070 

420.28 242.033 

342.77 241,994 

275.94 241.956 

204.77 241.908 

152.48 241.867 

136.24 241.853 

117.75 241,835 



Virial Equation of State of Helium, Xenon, and Their Mixtures 

Table AIV. (Continued) 

e // 

(kPa) (m-s -I) 

105.43 241.824 

88.16 241.809 

70.28 241.789 

T =  275.00 K 

1118.39 231.676 

1036.25 231.656 

908.59 231.646 

817.56 231.638 

714.14 231.627 

623.98 231.614 

529.51 231.604 

432.12 231.591 

340.31 231.575 

242.33 231.557 

153.72 231.526 

141.96 231.523 

123.56 231.512 

107.59 231.503 

91.89 231.492 

77.37 231.471 

65.99 231.464 

T=  250.00 K 

1007.27 220.363 

917.70 220.395 

811.83 220.445 

816.86 220.485 

615.95 220.527 

513.00 220.565 

427.14 220.597 

336.37 220.632 

246.19 220.665 

153.00 220.680 

121.82 220.678 

104.90 220.674 

88.01 220.670 
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620 Hurly, Schmidt, Boyes, and Moldover 

Table AIV. (Conthlued) 

e l/ 

(kPa) (m .s -I) 

73.25 220.659 

56.94 220.641 

T =  225.01K 

910.81 208.357 

814.51 208.474 

716.05 208.597 

615.83 208.718 

507.72 208.849 

447.82 208.920 

387.52 208.992 

327.17 209.059 

267.15 209.125 

205.40 209.189 

152.45 209.234 

133.97 209.246 

111.75 209.264 

90.65 209.275 

70.81 209.276 

T =  210.01K 

736.03 200.981 

677.73 201.091 

594.76 201.250 

510.28 201.413 

437.69 201.550 

357.92 201.690 

283.33 201.820 

203.51 201.955 

182.66 201.986 

163.97 202.010 

141.35 202.040 

121.64 202.065 

103.03 202.092 

81.93 202.112 

60.97 202.115 



Virial Equation of State of Helium, Xenon, and Their Mixtures 621 

Table AV. He/Xe (xHr 
Speed-of-Sound Results 

P II 

(kPa) ( m . s  i) 

T =  399.97 K 

1103.49 229.049 

1005.22 229.046 

956.94 229.044 

910.60 229.041 

781.55 229.034 

704.63 229.031 

587.62 229.026 

501.97 229.024 

424.44 229.022 

342.88 229.020 

273.92 229.022 

161.13 229.032 

139.69 229.032 

121.33 229.034 

100.28 229.035 

82.70 229.039 

61.15 229.041 

T =  374.98 K 

1356.56 221.454 

1289.93 221.465 

1186.08 221.482 

1088.78 221.497 

999.87 221.515 

924.36 221.531 

811.78 221.554 

714.45 221.576 

608.66 221.600 

500.28 221.626 

T =  349.98 K 

1216.79 213.535 

943.84 213.685 

942.86 213.685 

920.80 213.699 

817.13 213.756 



622 Hurly, Schmidt, Boycs, and Moldovcr 

Table AV. (Continued) 

P II 

(kPa) ( m . s  -I) 

722.98 213.811 

720.23 213.813 

632.56 213.864 

450.56 213.974 

346.99 214.031 

250.69 214.088 

153.49 214.138 

130.27 214.148 

114.04 214.157 

95.67 214.167 

76.87 214.176 

58.34 214.187 

T =  324.99 K 

952.03 205.464 

882.84 205.536 

798.15 205.622 

700.16 205.720 

603.90 205.817 

510.59 205.913 

461.75 205.961 

408.66 206.019 

355.46 206.075 

305.38 206.126 

256.52 206.176 

201.83 206.230 

151.35 206.280 

131.95 206.300 

117.17 206.316 

10686 206.327 

93.61 206.339 

79.35 206.354 

66.15 206.368 

T =  299.99 K 

1126.17 196.489 

1024.93 196.650 

911.62 196.828 



Virial Equation of State of Helium, Xenon, and Their Mixtures 

Table AV. (Continued) 

623 

P ii 

(kPa) (m-s  i) 

809.47 196.993 

720.61 197.138 

640.59 197.269 

559.45 197.402 

485.73 197.423 

405.83 197.654 

358.45 197.731 

308.58 197.811 

251.27 197.907 

205.32 197.982 

151.36 198.068 

140.72 198.086 

115.36 198.125 

91.63 198.164 

65.44 198.205 

T =  275.00 K 

917.93 187.632 

810.49 187.903 

714.03 188.138 

608.95 188.404 

499.85 188.673 

410.65 188.891 

350.86 189.038 

299.70 189.165 

254.77 189.273 

202.28 189.400 

154.03 189.513 

137.51 189.550 

117.48 189.598 

92.12 189.656 

66.97 189.716 

T =  250.00 K 

915.51 177.708 

814.70 178.093 

625.91 178.802 



624 Hurly, Schmidt, Boyes, and Moldover 

Table AV. (Conthnwd) 

P ii 

(kPa) (m.s - I )  

557.44 179.056 

479.89 179.338 

357.70 179.781 

307.64 179.963 

251.20 180.164 

152.30 180.511 

132.29 180.580 

109.50 180.660 

T =  225.01K 

385.37 169.751 

308.78 170.161 

231.14 170.571 

154.56 170.961 

143.80 171.015 

130.40 171.081 

115.32 171.156 

101.94 171.221 

89.33 171.283 

75.70 171.346 

60.33 171.419 

T =  210.01K 

425.95 163.099 

383.52 163.386 

293.24 164.003 

247.05 164.317 

198.66 164.635 

153.10 164.933 

115.11 165.175 

98.63 165.278 

84.89 165.363 

69.69 165.457 

55.48 165.542 



Virial Equation of State of Helium, Xenon, and Their Mixtures 

Table AVI. PpT Burnett Results Ibr 
Helium 

625 

P p 
(kPa) (tool. L -i) 

T =  373.15 K 

4640.95 1.4706 
4640.94 1.4706 
4640.93 1.4706 
4640.85 1.4706 
2586.06 0.8256 
2586.03 0.8256 
2585.90 0.8256 
2585.87 0.8256 
2585.68 0.8256 
1445.75 0.4635 
1445.71 0.4635 
1445.66 0.4635 
1445.56 0.4635 
1445.56 0.4635 
809.64 0.2602 
809.64 0.2602 
809.58 0.2602 
809.55 0.2602 
809.55 0.2602 
453.98 0.1461 
453.94 0.1461 
453.93 0.1461 
453.89 0.1461 
453.88 0.1461 
254.57 0.0820 

T =  353.15 K 

5396.34 1.4718 
2449.63 0.8263 
1369.34 0.4638 
766.89 0.2604 
429.90 0.1462 

T=  333.15 K 

4151.73 1.4730 
2312.81 0.8269 
1292.79 0.4642 
723.99 0.2606 
405.90 0.1463 

840,18 3-4 



626 Hurly, Schmidt, Boyes, and Moldover 

Table AVI. (Conthmed) 

P p 
(kPa) (tool. L i) 

T =  313.15 K 

3906.01 1.4742 
2176.09 0.8276 
1216.36 0.4646 
681.22 0.2608 
681.22 0.2608 
382.01 0.1464 

T =  293.15 K 

3659.14 1.4753 
2038.53 0.8282 
2038.53 0.8282 
1139.42 0.4649 
638.19 0.2610 
357.91 0.1465 

T =  273.15 K 

3412.63 1.4764 
1901.44 0.8288 
1062.79 0.4653 
595.27 0.2612 
333.81 0.1466 

Table AVII. PpT Burnett Results for 
Xenon 

P p 
(kPa)  ( m o l - L  - I )  

T =  358.15 K 

3352.55 1.2592 
1975.57 0.7067 
1139.64 0.3966 
649.50 0.2225 
367.61 0.1248 

3013.69 1.1180 
1766.41 0.6274 
1015.86 0.3521 
577.93 0.1975 
326.78 0.1108 



Virial Equation of State of Helium, Xenon, and Their Mixtures 

Table AVII. (Continued) 

627 

P p 
(kPa) (mol. L - ' )  

T =  303.15 K 

3147.73 1.5204 
1927.96 0.8532 
1135.28 0.4787 
654.21 0.2685 
372.48 0.1506 

2796.94 1.3147 
1692.27 0.7377 
989.83 0.4139 
568.27 0.2322 

1546.60 0.6682 
900.29 0.3749 
516.12 0.2103 
292.87 0.1179 

T=  288.15 K 

1922.38 0.9140 
1142.98 0.5128 
661.93 0.2876 
377.88 0.1613 

2502.26 1.2501 
1521.52 0.7014 
892.05 0.3935 

2572.76 1.2936 
1569.00 0.7259 
921.34 0.4072 

2879.87 1.4917 
1780.32 0.8370 
1053.09 0.4696 
608.26 0.2634 

T =  273.15 K 

2757.93 1.5699 
1738.89 0.8809 
1038.75 0.4942 
603.06 0.2772 
344.70 0.1555 

1961.15 1.0159 
1183.53 0.5700 
690.86 0.3197 
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Table AVII1. PpT Burnett Results for 
He/Xe (.x-ll ~ = 0.20120) 

P p 
(kPa)  (tool.  L i) 

T =  373.15 K 

4213.32 
4213.32 
4213.20 
4213.14 
4213.13 
4213.10 
4212.98 
2423.[0 
2423.00 
2422.95 
2422.72 

379.68 
379.67 
379.65 
379.62 
379.54 
379.51 
780.80 
780.69 
780.63 
780.52 
440.31 
440.29 
440.26 
440.23 
440.15 
247.75 

3951.25 
2282.50 
1302.73 
738.08 
416.52 

3688.59 
2141.74 
1225.57 
695.31 
398.71 

T =  353.15 K 

T =  333.15 K 

1.4377 
1.4377 
1.4377 
1.4377 
1.4377 
1.4377 
[.4377 
0.8071 
0.8071 
0.8071 
0.8071 
0.4531 
0.4531 
0.4531 
0.4531 
0.4531 
0.4531 
0.2544 
0.2544 
0.2544 
0.2544 
0.1428 
0.1428 
0.[428 
0.1428 
0.[428 
0.0802 

1.4389 
0.8077 
0.4535 
0.2546 
0.1429 

1.4400 
0.8084 
0.4538 
0.2548 
0.1430 



Virial Equalion of State of Helium, Xenon, and Their Mixtures 629 

Table AVIII. (Continued) 

P p 
(kPa) (tool. L i) 

T =  313.15 K 

3422.99 1.4411 
1999.42 0.8090 
1148.07 0.4542 
652.80 0.2550 
369.01 0.1431 

T =  293.15 K 

3154.60 1.4422 
1856.40 0.8096 
609.84 0.2552 
345.08 0.1432 

T =  273.15 K 

2882.51 1.4433 
1712.48 0.8102 
991.90 0.4549 
566.68 0.2553 
321.22 0.1433 

Table AIX. PpT Burnett Results Ibr 
He/Xe (x., .  = 0.47304) 

P p 
(kPa)  ( m o I - L - I )  

T =  373.15 K 

4907.02 1.5907 
4906.99 1.5907 
4906.96 1.5907 
4906,91 1.5907 
4906.84 1.5907 
4906,74 1.5907 
2760,23 0.8930 
2760,18 0.8930 
2760,09 0.8930 
2759,83 0.8930 
2759,79 0.8930 
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Table AIX. (Continued) 

P p 
(kPa)  (tool.  L - I )  

1551.90 0.5013 
1551.77 0.5013 
1551.75 0.5013 
1551.72 0.5013 
1551.48 0.5013 
871.97 0.2814 
871.95 0.2814 
871.91 0.2814 
871.90 0.2814 
871.87 0.2814 
489.75 0.1580 
489.73 0.1580 
489.73 0.1580 
489.70 0.1580 
489.69 0.1580 
274.96 0.0887 

T =  535.15 K 

4626.61 1.5920 
2607.26 0.8937 
1467.40 0.5017 
825.08 0.2817 
463.62 0.1581 

T =  333.15 K 

4344.54 1.5933 
254.12 0.8944 
1382.81 0.5021 
778.25 0.2819 
437.50 0.1582 

T =  313.15 K 

4061.99 1.5945 
2300.75 0.8951 
1298.47 0.5025 
731.20 0.2821 
411.19 0.1584 

T =  293.15 K 

3776.72 1.5957 
2146.23 0.8958 
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Table AIX. (Continued) 

P p 
(kPa) (tool. L - I )  

1213.53 0.5029 
684.08 0.2823 
384.88 0.1585 

T =  273.15 K 

3489.66 1.5969 
1991.17 0.8965 
1128.40 0.5033 
636.89 0.2825 
358.57 0.1586 

Table AX. PpT Burnett Results for 
He/Xe (x I i~ = 0.74128 ) 

P p 
(kPa)  (mol ,  L -~) 

T=  373.15 K 

4758.74 1.5048 
4758.70 1.5048 
2649.13 0.8448 
2649.12 0.8448 
2649.03 0.8448 
2648.99 0.8448 
2648.91 0.8448 
1480.22 0.4742 
1480.21 0.4742 
1480.21 0.4742 
1480.21 0.4742 
1480.17 0.4742 
1480.04 0.4742 
828.86 0.2662 
828.77 0.2662 
828.75 0.2662 
828.75 0.2662 
828.71 0.2662 
464.59 0.1495 
464.56 0.1495 
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Table AX. (Conthmed) 

P p 
(kPa) [mol.  L ~) 

464.55 0.1495 
464.53 0.1495 
464.46 0.1495 
260.49 0.0839 

T =  353.15 K 

4502.32 1.5060 
2507.29 (I.8455 
1401.48 0.4746 
784.85 0.2664 
440.00 0.1496 

T =  333.15 K 

4245.05 1.5072 
2365.38 0.8461 
1322.47 0.475(I 
740.70 0.2667 
415.19 0.1497 

T =  313.15 K 

3988.39 1.5084 
3988.35 1.5084 
2223.57 0.8468 
1243.60 0.4754 
696.59 0.2669 
390.57 0.1498 

T =  293.15 K 

3729.83 1.5096 
2080.89 0.8474 
1164.38 0.4757 
652.35 0.2671 
365.82 0.1499 

T =  273.15 K 

3470.49 1.5107 
1938.08 0.8481 
1085.06 0.4761 
608.18 0.2673 
341.09 0.[500 
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